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Evaporative cooling has led to the coldest temperatures ever 
observed in the universe: sub-microkelvin temperatures gener- 
ated in atom traps. It turned out to be the key technique to 
achieve Bose-Einstein condensation, a long-sought goal in atomic 
physics 1-3 . Evaporation describes the process of energetic parti- 
cles leaving a system with a finite binding energy 5 ' 6 . This process 
results in cooling: since the evaporating particles carry away more 
than their share of thermal energy, the temperature of the sys- 
tem decreases. Here we demonstrate experimentally the conden- 
sation of exciton-polaritons through evaporative cooling. A cold 
fraction of exciton-polaritons condenses in an optically induced 
two-dimensional trap inside the crystal, decoupled from the deco- 
herence inducing excitonic reservoir 6 . We detect a characteristic 
Bogolyubov dispersion of the condensate with a sound velocity 
proportional to the square root of the number of trapped quasi- 
particles and extract the polariton-polariton interaction strength. 
In a reference experiment, where the evaporative cooling mecha- 
nism is switched off by changing the excitation intensity profile, 
polariton condensation takes place for excitation densities one or- 
der of magnitude higher and the resulting condensate is subject to 
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a much stronger dephasing. These observations pave the way to 
the realisation of polariton logic devices including optically con- 
trolled transistors and ultrafast switches as well as the study of 
bosonic superfluid effects in semiconductor microcavities. 

Strong coupling of cavity photons and quantum-well excitons gives rise 
to mixed light-matter bosonic quasiparticles called exciton-polaritons or po- 
laritons 7 . Due to their photonic component, polaritons are several orders 
of magnitude lighter than atoms, which makes their Bose-Einstein conden- 
sation (BEC) attainable at higher temperatures. In an ideal infinite two- 
dimensional cavity the polariton gas is expected to undergo the Berezinsky- 
Kosterlitz-Thouless (BKT) phase transition 8 , while in realistic structures, 
polaritons can condense in traps induced by random disorder 9 , mechani- 
cal 10 ' 11 or optical 12-14 potentials. Polariton condensation has been also ob- 
served in the structures of lower dimensionality 15-17 . The manifestations of 
polariton condensation include polariton lasing 18 , long-range spatial coher- 
ence 9 and stochastic vector polarisation 19 . Being weakly-interacting bosons, 
polaritons are expected to show the characteristic Bogolyubov linear disper- 
sion in the condensed phase 20 . Experimental efforts to observe this kind of 
dispersion 8,22 are met with difficulties. Depletion of the condensate due to 
its interaction with the background excitons and uncondensed polaritons in 
the reservoir leads to the broadening of photoluminescence, which makes it 
hard to distinguish between linear and parabolic dispersions in the vicinity 
of the ground state. 

Here we have designed and implemented a ring-shaped optical trap, 
which allows for efficient evaporative cooling of polaritons 23 and forma- 
tion of a condensate spatially separated from the excitonic reservoir. This 
is achieved by nonresonant excitation of a planar microcavity sample by a 
laser beam in the shape of a ring. The diameter of the ring is 20 /im, which 
is of the order of the polariton mean free path in planar microcavities and 
much larger than the exciton diffusion length in the quantum wells that we 
study 2 . 

The nonresonant excitation creates a hot electron-hole plasma, which 
then forms excitons. Hot excitons cool down by exciton-phonon scatterings. 
When they enter the light cone they couple strongly to the cavity mode and 
populate the lower polariton branch on the ring. Excitons diffuse around 
the excitation area but due to their large effective mass they are unable to 
reach the center of the ring. The repulsion of polaritons from the ring-shape 
exciton reservoir can be described by a mean-field ring-like trapping poten- 
tial, which is approximately 1 meV deep in the center at the pumping power 
corresponding to the condensation threshold. Uncondensed polaritons start 
from the blueshifted states on the ring and ballistically expand 25 either to- 
wards the center or outside. Those which fly to the center eventually collide 
with each other (see Fig 1). The energy of the ensemble of polaritons is 
conserved by these scattering events, so that the kinetic energies of approx- 
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Figure 1: Evaporative cooling in a ring-shaped polariton trap. Po- 

lariton trap over real space excitation spot, displaying the parametric scat- 
tering assisted evaporative cooling mechanism. High energy and momentum 
polaritons scattered to high energy states leave the trap, while polaritons 
scattered to low energy and momentum remain confined. 

imately half of the polaritons are reduced, while the other half have their 
kinetic energies increased 26 . As a result, a cold and a hot fraction of the 
polariton gas are being formed. The cold fraction is no more capable to 
escape from the trap due to the lack of kinetic energy, while polaritons from 
the hot fraction can easily fly away across the barriers. Further scatterings 
of the trapped polaritons lead to the increase of the kinetic energy of some of 
them so that they become able to leave the trap. Eventually, the polariton 
gas in the trap cools down below the critical temperature for BEC in close 
analogy to atomic gases in dipole and magnetic traps 4 (see Supplementary 
Information, S2). The condensate forms at the center of the trap and then 
quickly builds up due to stimulated scattering of the trapped polaritons. 

Fig. 2a-c shows the real-space images of the photoluminescence (PL) 
below threshold, at threshold and above threshold pumping powers, respec- 
tively (see also supplementary movie). Above threshold a Gaussian shaped 
condensate, with full width at half maximum (FWHM) of 5.46 /im and stan- 
dard deviation a x = 2.32 /mi, is formed inside the ring. The fringes observed 
by Michelson interferometry (Supplementary Information, S4) in this regime 
confirm the coherence of the condensate (see the inset in Fig. 2c). 
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Figure 2: Single-mode exciton-polariton condensate in a ring- 
shaped trap. Emission images in real space below (a), at (b) and above 
threshold (c). The inset in c shows the interference fringes of the condensate. 
Red line is the condensate profile along the x axis. Polariton condensation 
is clearly visible in the center of the ring and is separate from the excita- 
tion spot outlined by the emission in a. d, e, f Dispersion images below 
(d), at (e) and above (f) threshold, g, Same as (c) but with a logarith- 
mic colourscale showing that the condensate propagation beyond the trap 
is minimal. 

Fig. 2d-f shows the dispersion of polaritons at different pumping pow- 
ers. Below threshold we observe a parabolic lower polariton branch. As 
soon as the polariton density in the centre of the ring is increased close to 
the threshold, we observe a blueshifted dispersion from polaritons in the 
trap, coexisting with the parabolic dispersion of untrapped polaritons as it 
will become evident further on from spatially resolved dispersion imaging. 
The two lobes of the outer dispersion correspond to hot polaritons escaping 
from the centre of the ring. By further increasing the excitation power a 
condensate appears in the ground state of the blueshifted dispersion with 
zero in-plane momentum and standard deviation a^ x — 0.22 /im -1 , shown in 
logarithmic scale in Fig. 2f. The macroscopically occupied ground state is 
Heisenberg limited (o x a^ x — 0.51), which confirms that phase fluctuations 
in the condensate are strongly reduced. 

The spatially-resolved dispersion images in Fig. 3a and Fig. 3b show that 
untrapped polaritons situated far away from the center of the ring have high 
energies and large wavevectors, while those in the center of the trap populate 
mostly the lower states even at pump powers much below threshold. The 
dispersion of the polaritons on the rim of the ring does not change greatly 
with increasing power, while the dispersion images at the center of the trap 
show condensation at k = state above threshold. Fig. 3c shows the energy 
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Figure 3: Trapping potential and spatially-resolved dispersions, a, 

b, Dispersion images below threshold (P = 0.2P^) from a 5 /xm diameter 
spatially filtered region from the rim of the ring (a) and the center (b). 
Energy profile of the central slice of the ring at threshold (c) and the ex- 
tracted maxima of intensity along the x axis for the visualization of the trap 
proflle(d). Points a and b correspond to a and b respectively 

spectrum of a slice through the center of the ring excitation at the onset of 
condensation. Fig. 3d shows the profile of the trap potential extracted from 
the intensity maximum along each point on the x axis in Fig. 3c. The trap 
depth at the power just below the threshold is ~ 1 meV. The two circles 
annotate the points where the spatially filtered dispersions were acquired. 

The full spatial separation of the condensate from the pump induced 
excitonic reservoir has important implications on the spectral and dynamic 
properties of polaritons 6 even below threshold. Due to the efficient stim- 
ulated scattering process we observe significantly lower power densities for 
condensation. In a reference experiment we have excited the same sample 
(at the same detuning and temperature) with a normal Gaussian beam with 
a spot size of ^ 5 fim. Fig. 4a shows the normalized PL intensity of k = 
for different excitation powers. The threshold power density is an order 
of magnitude higher in the case of Gaussian excitation. Contrary to previ- 
ous works, we observe condensation spatially delocalised from the excitation 
area and prior to the build up of coherence in the excitation area. 

A clear advantage of separation of the condensate from the feeding 
reservoir is in the strong reduction of the depletion processes caused by 
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Figure 4: Normalized intensity, linewidth and blueshif. a, Nor- 
malized intensity with increasing power density for polaritons in the center 
(open black dots) of the ring excitation, and for a Gaussian excitation (open 
red circles) measured at &;=0±0.05 /im -1 of the spatially filtered dispersion, 
b, Linewidth (in log scale) and blueshift vs. excitation power for polaritons 
at the center of the ring (black circles, open black circles respectively) and 
a Gaussian excitation (red triangles, open red triangles respectively). Lines 
are guides for the eyes. 



condensate- reservoir interactions . Fig. 4b shows the linewidth and blueshift 
of the condensate for the ring and Gaussian excitation cases. Clearly, in 
the case of ring-excitation condensate, due to the absence of decoherence 
mechanisms by the background reservoir, the linewidth is narrower and it 
increases much slower than in the Gaussian excitation, reflecting the reduced 
interactions in the condensate and showing that dephasing is substantially 
suppressed 28 . The blueshift of the condensate increases linearly with the 
pumping intensity, in the case of ring-like excitation, showing the linear in- 
crease of the mean number of condensed polaritons. In the case of Gaussian 
excitation, the blue shift is strongly affected by the reservoir: it is twice 
as large as in the ring-excitation case and slowly saturates above threshold, 
indicating that exciton saturation has been reached 29 . 

The Bogolyubov dispersion is a theoretically expected feature of po- 
lariton condensates and superfluids 8 . The repulsive interaction of polari- 
tons renormalizes the parabolic energy spectrum at low momenta given by 
E® = h 2 k 2 /2m, m being the effective polariton mass, into a near linear 
(sound-like) dispersion. The Bogolyubov excitation energy is given by 

E k = ^2nU E° k + {Elf = nU \/(^) 2 P6 2 + 2], 

where n is the occupation number of the condensate, Uo is polariton-polariton 
interaction potential, and £ = h/ (\/2ms) is the healing length. For small 
the excitation energy is ~ shk, where s — ^nllo/m is the speed of 
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Figure 5: Bogolyubov dispersions and the speed of sound. The dis- 
persion images of the confined condensate at 2.2P^ (a), P — 2.8P t h (b) and 
P — 5.17 Pfh (c) are shown. The dispersion is clearly linear for small wave 
vectors, in stark contrast to the quadratic uncondensed polariton dispersion 
from the ring. White lines are fits of theoretical Bogolyubov dispersion d, 
Speed of sound and the healing length in the condensate extracted from the 
slope of the linear dispersion. 



sound. 

Previous reports of the Bogolyubov dispersion in polariton condensates 22 
have also revealed a diffusive Goldstone dispersion which originates from 
the condensate diffusion in an inhomogeneous excitation area. Creating the 
condensate by evaporative cooling in the centre of the excitation ring allows 
for the observation of a Bogolyubov dispersion in the absence of condensate 
diffusion and scattering with the excitonic reservoir. The appearance of a 
linear dispersion can be noticed already at the threshold power as Fig. 2e 
shows. By further increasing the excitation density up to 25 times above 
threshold a strong modification of the dispersion is observed (see Fig. 5a-c). 
The slope is proportional to the square root of the condensate density which 
is linearly dependent on the pumping power above threshold (see Fig. 4a). 
Fig. 5d shows the speed of sound extracted from the linear dispersion versus 
occupation number revealing a good agreement with previously reported 
values 8 (see Supplementary Information, S3) taking Uo = 0.043 /xeV. The 
healing length becomes ~ 7 /xm at threshold, which is comparable to half the 
size of the trap (~ FWHM= 15 /im). By increasing the excitation power and 
the occupation number of the condensate, the healing length £ is reduced 
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reflecting the filling of the trap by the condensate. The speed of sound 
ranges between 5 x 10 5 m/s and 35 x 10 5 m/s in good agreement with the 
theoretical prediction 7 . 

In conclusion, we have demonstrated the evaporative cooling of a di- 
lute polariton bosonic gas in a two-dimensional trap created by ring-shaped 
nonresonant excitation. This configuration allows for the formation of a po- 
lariton condensate spatially separated from the excitation area minimizing 
dephasing and depletion processes. We have observed renormalisation of the 
Bogolyubov excitation spectrum on the excitation density and verified the 
square root dependence of the speed of sound on the occupation number of 
the condensate. 

Methods 

The sample is a high Q GaAs/AlGaAs microcavity containing four separate 
triplets of 10 nm GaAs quantum wells 30 . It was held at ~ 6.5 K in a cold- 
finger cryostat and excited nonresonantly at the first reflection minimum 
above the cavity stop band with a single-mode continuous wave laser and a 
pulsed laser for the higher powers presented for the Bogolyubov dispersions. 
The excitation beam profile was shaped into a ring in real space with the use 
of two axicons and was projected onto the microcavity through an objective 
lens (NA = 0.4) creating a polariton ring with a mean diameter of ~ 19 fim 
on the sample (Supplementary Information, SI). The excitation beam in- 
tensity was modulated with an accousto-optic modulator at 1% duty cycle 
with a frequency of 10 kHz to reduce heating of the sample. 
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Supplementary Information 



SI Experimental Setup 

Using two axicons (conical lenses) (see Fig. SI), a collimated ring-shaped 
beam from a collimated Gaussian beam is generated 1 . The ring diameter 
can be adjusted by changing the distance between the two axicons. We then 
use a long distance lens and an objective to project and focus the rim of 
the ring-shaped beam onto the sample. The same objective is then used 
for the collection of the emitted light. Real space and dispersion images 
are acquired with a monochromator equipped with a water cooled charged 
couple device (CCD). 

The excitation laser used in Fig. 2, 3, 4 was a frequency stabilized single- 
mode TkSapphire laser. The Bogolyubov dispersions were acquired by a 
pulsed laser since in the pulsed mode the condensate does not suffer from 
the diffusion of the pump induced excitons into the centre of the trap 2 ' 3 . The 
laser was a 150 femtosecond pulsed laser with a repetition rate of 80 kHz. 




Figure SI: Hollow beam generation with axicons used for the polariton trap 
and the experimental setup used for the acquisition of images. 
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S2 Evaporative cooling mechanism 

In the evaporative cooling technique for cold atoms 4 ' 5 the trap potential is 
lowered and raised repeatedly. The hot particles escape the trap when the 
trap depth is shallow. By increasing the trap potential again the trapped 
particles rethermalize and therefore the total free energy of the system is 
slightly reduced. The thermalization also promotes particles to energies 
above the trap depth. This process is repeated until the temperature of 
the ensemble reaches the critical temperature for Bose-Einstein conden- 
sation 6 . In our ring-shaped polariton trap, the extraction of hot parti- 
cles is achieved by means of stimulated polariton-polariton scatterings. A 
polariton-polariton scattering event results in a higher and lower energy po- 
lariton. The hot polariton escapes the trap leaving a cold polariton in the 
bottom of the trap. The rate of buildup of occupation in the ground state 
is increased by final-state stimulated scattering, until a critical density for 
condensation is achieved. 

The polaritons in the centre of the trap experience a blueshift in en- 
ergy as the density increases due to polariton-polariton interaction. The 
blueshift is linearly proportional to the density of the condensate. For ex- 
citation densities of 0.5Pth the trap depth is 1.33 meV compared to 1 meV 
at condensation threshold (Fig. S2). This blue shift effectively makes the 
trapping potential of the condensate shallower as the occupation density in 
the ground state rises, further increasing the efficiency of cooling. 




-15 -10 -5 5 10 15 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

x (Mm) p/p th 

Figure S2: a, Energy profile of the trap at different excitation densities, b, 
Trap depth evolution with power density. 



S3 Polariton-polariton interaction constant and heal- 
ing length extraction 

Extracting the speed of sound s(n) = ^nUo/m from the condensate in the 
Bogolyubov regime is achieved by measuring the slope of the dispersion for 
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small wavevectors. It is a simple step from there to extract the healing 
length (£ = h/ylms) as a function of occupation number. The reduction 
of the healing length for higher occupation numbers shows clearly that the 
condensate gradually expands and fills increasingly larger areas of the trap 
with a uniform density. From s(n) we can extract U = g$° l / S = 0.043 /ieV 
and Qq° 1 — 22.1 x 10 -38 Jm 2 , where S — 32 /im 2 is the condensate area and 
gQ° l is the polariton-polariton interaction energy. 

Using a numerical estimate for the exciton-exciton interaction 7 we get 



Exc 

% 



6a 2 B E b 



84 x 10~ 38 Jm 2 , 



where E b = 8.7 meV is the exciton binding energy, clb = 12 nm is the Bohr 
radius for 10 nm GaAs QWs. In order to obtain the polariton-polariton 
interaction constant g^° l one needs to multiply g$ xc by the A th power of the 
exciton Hopfleld coefficient X of the polariton state, which is X 4 = 0.06 
in our case. This yields g$° l — 5.25 x 10 _38 Jm 2 . One can see that the 
interaction constant we obtain is of the same order of magnitude as the 
theoretical estimate and close to the experimental value of g^° l — 8.9 x 
10 -38 Jm 2 for GaAs QWs 8 . The deviation from the theoretical prediction 
can be ascribed to the spin and wave vector dependence of the interaction 
constant, which is neglected here. 
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Figure S3: Stabilised Michelson interferometer in the retroreflector confl^ 
uration 



S4 Interferometry and Energy Tomography 

Interferometric measurements were made using a stabilised Michelson inter- 
ferometer similar to the one in reference 9 , in a mirror-retroreflector conflg- 
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Figure S4: Energy tomography of the condensate in real space. 

uration with close to zero arm length difference. The arm length difference 
was actively stabilized by a frequency stabilized He-Ne laser in a PID feed- 
back loop (see Fig. S3). 

By changing the angle of the last mirror in Fig. SI with a computerized 
translation stage it is possible to scan the entire image from the sample 
across the 20 /im slit of the spectrometer. Acquiring the spectral images for 
each position enables us to reconstruct a tomographic real space image at 
a specific energy (Fig. S4) (or more accurately a narrow band of energies 
equal to the spectral resolution). Energy tomography images reveal that 
the entire condensate is at the same energy level. This is also verified by 
interferometric measurements. 
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